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PALLADIUM DOPED NANO POROUS SILICON FOR ENHANCED 
HYDROGEN SENSING 
Kevin Luongo 
ABSTRACT 
 A mass manufacturable impedance based, palladium doped porous silicon sensor, 
was fabricated for hydrogen detection.  The sensor was built using electrochemical 
etching to produce mesoporous silicon. Four nanometers of palladium was defused 
directly into the porous silicon and another four nanometers of Pd was deposited on the 
defused surface to enhance sensing.  The sensor was tested in a sealed chamber in which 
the impedance was measured while hydrogen in nitrogen was ranged from 0-2 percent.  
Unlike conventional hydrogen sensors this sensor responded at room temperature to 
changes in hydrogen concentration.  The electrical impedance response due to adsorption 
and desorption of hydrogen reacted relatively quickly due to the nanoparticle nature of 
palladium diffusion in and Pd evaporation on porous silicon. 
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CHAPTER 1 INTRODUCTION 
1.1 Thesis Overview 
This thesis focuses on hydrogen sensor theory and development.  The purpose of 
chapter one is to demonstrate the need for a well designed hydrogen sensor by 
interpreting present technological goals and trends as explicated under the following 
motivation section of this chapter.  Chapter one includes a general introduction to 
hydrogen sensor research and a section dedicated to current applications.  Brief analysis 
and limitations of proposed methodologies are also included in this section.  Chapter two 
elaborates on the state of the art developments and is accompanied by an explanation on 
correlating theory.  This survey is designed to arm the reader with knowledge of current 
hydrogen sensor design and development.  Chapter three introduces porous silicon theory.  
Chapter four introduces palladium as a hydrogen sensing element.  Palladium is used in 
the fabrication of the hydrogen sensor in this research and will therefore be discussed at 
length.  Chapter five presents the sensor fabrication process employed during the 
development phase of the functional hydrogen sensor presented in this work.  All relevant 
process parameters and experimental stages are documented.  Chapter six describes the 
hardware and software used for the sensor testing chamber and data acquisition.  Finally 
Chapter seven includes results obtained from testing and discussions. 
2 
1.2 Motivation  
The need for a hydrogen sensor with high sensitivity, fast regeneration, and a fast 
response time has gained momentum with the advent of hydrogen fuel cell technology.  
Hydrogen has become one of the most promising gases relating to varied applications in 
transportation, food, metallurgy, electronic and nuclear industries.  Focus on hydrogen 
sensor development is becoming increasingly critical considering that in recent years 
there has been a large push to develop hydrogen as a fossil fuel alternative. 
Hydrogen can provide significant power while producing heat and water as the 
only byproducts, thus allowing for an environmentally friendly fuel.  Hydrogen use as a 
clean energy source is estimated to account for a trillion dollar revolution in the near 
future.  However a small hydrogen leak in any of its applications can lead to a fatal 
accident.  Hydrogen when mixed with air between 4.65 and 93.9 percent volume are 
within explosive limits [1].  Thus it is important to detect small leaks as they can signify 
potentially hazardous conditions.  This calls for robust sensor mechanisms which can 
detect PPM concentrations. 
If indeed we as a society plan to use hydrogen as a fuel for personal and/or public 
transportation then it would be inevitable that hydrogen sensors become an essential 
safety precaution standard in all hydrogen fueled vehicles and processes.  Numerous 
companies and organizations such as NASA and DOE use large quantities of hydrogen 
and oversee the development of the technology.  Aware of the flammable or explosive 
nature of hydrogen, these organizations have outlined detailed performance criterion for 
acceptable hydrogen sensors [2].  The ideal sensor would be affordable, easy-to-fabricate, 
user friendly and responsive to low concentrations of hydrogen in real time while 
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eliminating any possible false positives e.g. cross contaminating gasses which induce 
false alarms.  Though false positives may be a major irritant, the possibility of a sensor 
failing to detect levels of hydrogen altogether is unacceptable and therefore sensor 
characterization is essential.  Another ideal property to decrease sensor cost and 
development would be the ability to integrate a sensor into “Lab on a Chip” 
configurations for portability.  Portability will lead to field employment and system 
integration when needed.  This research explores the development of such a sensor. 
1.3 General Introduction to Hydrogen Sensor Research 
Numerous approaches are currently being investigated in the development of 
hydrogen sensors, these include but are not limited to: sol-gel based, semiconductor 
based, oxide based, thin-film based and acoustic wave sensors.  These devices are 
relatively high power consumers, show slow response times or do not have the required 
sensitivity.  In order to address these limitations the use of nanostructures for hydrogen 
sensing has attracted increased interest.  There has been overwhelming interest in 
understanding the fabrication and physical intricacies of nanostructured materials both 
from basic scientific standpoint and from an industrial (mass fabrication) standpoint [3, 
4]. 
Nanostructures such as nanowires and quantum dots exhibit fascinating optical, 
thermal, electronic, mechanical and transport properties that could be utilized in many 
sensing applications.  Within the past few years nanowire based sensors for detecting 
hydrogen have been reported.  These sensors respond in real time, however they lack 
sensitivity and they do not respond to low concentrations of hydrogen.  Additionally, the 
techniques used to fabricate these nanowire sensors entail complex procedures, such as 
4 
transfer and organized assembly [5-7].  These fabrication methodologies add to cost and 
do not seem suitable for commercial production. 
1.4 Applications of Hydrogen Sensors 
Research has indeed exhibited a growing interest in hydrogen sensor technology 
due to industry’s increased desire to promote safety standards.  This is a driving force in 
sensor technology and has led to increased miniaturization, functionality, bulk fabrication 
methodology and increased reliability.  Therefore hydrogen sensors have been utilized 
more readily within the past years.  A broad list of applications that can benefit from 
hydrogen sensors has been described elsewhere and is summarized below. [8] 
? Sensing hydrogen buildups in lead acid storage cells found in most vehicles and 
other applications. 
? Detecting hydrogen leaks during ammonia, methanol manufacturing, and 
desulphurization of petroleum products along with many other petrochemical 
applications where high pressure hydrogen is used. 
? Detecting impending transformer failure in electric power plants. 
? Monitoring hydrogen buildup in radioactive waste tanks and in plutonium 
reprocessing. 
? Detecting hydrogen leaks during space shuttle launches and other National 
Aeronautics and Space Administration (NASA) operations. 
? Molecules and other gases besides hydrogen can be detected using arrays of 
sensors with different catalytic metals. 
? In the future hydrogen economy, sensors will be widely needed. 
5 
1.5 Significance of Current Work 
This research has been undertaken in order to design and fabricate a porous 
silicon based hydrogen sensor which utilize nanoparticle palladium and palladium silicide 
as a sensing element.  The goal of this work was to investigate the effect on hydrogen 
sensing due primarily to the impregnation of palladium deep impurities into a porous 
silicon template. This work would contribute significantly to existing technologies as 
follows: 
? Ease of fabrication: In this work, hydrogen sensing was accomplished using well 
known porous silicon etching methods, evaporations and thermal processes which 
enable mass production capabilities. 
? Reduced cost: The methods mentioned above have been used in IC processing 
and other industrial applications for decades.  This primary factor has made 
equipment readily accessible and, as a result, silicon production has become 
relatively inexpensive. 
? Lab on a chip: The sensor is derived from a silicon wafer thereby significantly 
increasing its ability to be integrated within a multifunctional array of sensors and 
on-board electronics. 
? Speed: The sensing rate is increased since the surface area to volume ratio of the 
sensing element is optimized as nanostructures. 
? Safety: The introduction of a mass producible and cost effective sensor with 
improved sensing rates will allow for an increased implementation of safety. 
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CHAPTER  2 HYDROGEN SENSOR CLASIFICATION 
2.1 Solid State Semiconductor Sensor 
Solid state sensors are fabricated as MIS (Metal-Insulator-Semiconductor) diodes, 
capacitors and transistors.  Their sub category of MOS (Metal-Oxide-Semiconductor) is 
the most common field deployable sensor because of the known characteristics. 
2.1.1 MIS-Schottky Barrier 
When a metal comes in contact with a semiconductor the Fermi levels 
automatically align themselves proportionally to an amount equal to the difference 
between the work function of the metal and the electron affinity in the semiconductor.  
The adjustment is not disturbed due to the presence of a sandwiched dielectric layer as 
shown in figure 2.1. 
The barrier height is given by: 
q фBn =q (фm-X)… (1) 
Where, 
q фBn – Barrier Height 
qфm – Metal Work Function 
q X – Electron affinity in the semiconductor 
 EC – Lowest energy conduction band 
EV – Higher energy Valence band 
 
 Figure 2.1 Energy Diagrams of Metal-Oxide-Semiconductor Junction [9] 
There are two hypotheses explaining the consequence of passing hydrogen.  First 
being the polarization of hydrogen atoms [9] due to the intrinsic electric field of oxide 
when the sensor is biased.  This in turn redistributes charges in the depletion region 
decreasing the degree of bending or other words reducing the barrier height.  The 
conducting current is directly proportional to the amount of hydrogen atoms adsorbed at 
the interface.  
The second being the formation of excess interfacial charge states on passing 
hydrogen thereby reducing the Schottky height.  Some of the past sensors include the 
Pt\SiC, Pd\Cu, Pd-ZnO, Pd-CdS and Pd-TiO2  systems. 
2.1.2 MIS-Capacitor 
The capacitive sensors were characterized by ultra thin insulating materials 
deposited by special techniques like plasma deposition [10], pulsed laser ablation and LB 
(Langmuir Blodgett) process which produced a high quality dielectric.  The capacitance 
variation near the depletion region determines the concentration of hydrogen adsorbed.  
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 Figure 2.2 Schematic of Hydrogen Sensitive Pd-MOS Capacitor [9] 
2.1.3 MIS-Transistor 
When the gate region of a conventional MOSFET is coated with palladium, it 
functions as a hydrogen sensor.  The sensitivity of this device corresponds to the effect of 
hydrogen on the gate metal work function.  Several versions based on the same principle 
have been implemented like the OGFET (Open-Gate Filed Effect Transistor), ADFET 
(Adsorption Field Effect Transistor) and SAFET (Surface-Accessible Field Effect 
Transistor). 
Advantages of solid state sensors: 
? Wide sensing range 
? Ease of fabrication 
? Low Cost 
Disadvantages: 
? Non-linear relationship 
? Unreliable due to possibilities of contamination 
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Suitability of the sensor: 
? Ideally used in isolated chambers for the detection of very minute hydrogen leaks 
2.2 Optical Sensors 
Optical sensors use visible or invisible light beams to detect objects and make 
measurements.  Many of the hydrogen sensors use optical properties to determine 
hydrogen concentrations.  These sensors are classified below. 
2.2.1 Absorptance Sensor 
These are based on the light intensity shift dictated by the quantity of absorbing 
gas in the optical path.  Using the Beer-Lambert relationship [9], 
Ai = ma X Co ... (2) 
Where, Ai is the absorbtance; ma is the gas molar absortivity and Co concentration of the 
absorbing species. 
2.2.2 Reflectance Sensor 
The reflectance property is measured as a function of the composition of an 
optically excited system. 
2.2.3 Surface Plasmon Resonance 
The interaction of the sensing layer (Palladium) with the gas causes the coupling 
of photons to surface plasmons (waves) at the interface.  This induces a change in the 
refractive index of the active layer[11]. 
2.2.4 Fiber Optic Hydrogen Sensors  
In this type, the palladium layer acts as chem-optical transducer and a support for 
the surface plasmon wave.  Generally, the value of real and imaginary part of complex 
permittivity of palladium [11] is equal for visible wavelength spectrum.  The principle 
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behind a FOS (Fiber Optic Sensor) is change in the permittivity of palladium on contact 
with hydrogen. 
Advantages of optical hydrogen sensor: 
? Capable of detecting up to ppb (parts per billion) concentration of H2 
? No electrical interference 
? Small size 
Disadvantages: 
? Poor selectivity and irreversibility 
? High background noise levels hindering the resolution 
Suitability: 
? Deployed in very dangerous environment 
? Considerable electromagnetic activity 
2.3 Electrochemical Sensor 
Electrochemical sensors are based on the ionic conductivity in thin films.  
Basically it is an electrochemical cell set up with two electrode compartments separated 
by proton conducting electrolyte.  The EMF (Electromotive Force) generated is used for 
calculating the gas concentration adsorbed in one of the active electrodes.  Potentiometric 
sensors are generally avoided due to the lack of accuracy at higher concentrations and 
high power consumptions.  Empirically, the EMF generated is found to vary with the 
following relationship [9]: 
I = k [H] 0.5… (3) 
Where 
I- Current generated due to the induced EMF 
11 
H-Concentration of the ionic species 
Amperometric sensors are preferred due to the linearity and accuracy.  The 
general configuration [12] of the cell is as follows Pt [O2]\HX\Pd [H2].  The platinum 
electrode is exposed to any ambient gas while the Pd electrode is exposed to hydrogen, 
the electrodes are short circuited to measure the current flowing thru the cell which 
determines the hydrogen concentration.  A solid electrolyte [13] is preferred over a liquid 
electrolyte for spillage reasons. 
Advantage of EC sensors: 
? Response time is very high 
? Low power consumption 
? Simpler Design 
Disadvantage of EC sensor: 
? The target signal is weak and needs some kind of amplifier 
? Electrolyte is susceptible to degradation by environment 
Suitability of the sensor: 
? For high temperature applications  
2.4 Resistive Hydrogen Sensors 
Resistive sensors encompass multiple sensor subtypes that depend on the change 
in conductivity or the inverse resistivity.  Some of these subtypes are defined below. 
2.4.1 Chemiresistors 
Chemiresistors are based on the principle of change in resistance of the sensing 
layer upon absorption of gas.  It consists [14] of a pair of contacts deposited on an 
insulating substrate and a selective layer whose conductivity is modulated by the 
interaction with the analyte.  Potential difference is measured across the electrodes when 
a constant current is applied through the circuit.  The measured voltage is indicative of 
the response due to adsorption of the gas.  
 
 
Figure 2.3 General Diagram of a Chemiresistor [14] 
 
2.4.2 Conducting Polymers 
These are the most common material used as a chemiresistor.  The effect of 
interaction of gas species with the polymer is considered equivalent to doping of the 
polymer irrespective of the type of polymer (n-polymer or p-polymer).  Doping the 
polymer varies the surface conductivity which is measured as a response.  Hydrogen 
sensors have already been developed using polyaniline based chemistry [15]. 
2.4.3 Impedance Sensor 
They are based on the change in electrical properties of the thin films due to 
absorption, adsorption, desorption and molecular rearrangement due to the reaction of 
gases on their surface or bulk.  These sensors are targeted to be fabricated as high surface 
to volume ratio structures as the response becomes stronger suited for an ideal gas sensor.  
12 
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Hydrogen sensors based on palladium nanowire arrays [16], titania nanotubes [17] and 
porous silicon structures [18] have been reported earlier. 
2.4.4 Microhotplate 
This is a conductometric gas sensor with in-situ temperature control for studying 
various properties during gas adsorption.  Temperature dependent processing, and related 
interfacial phenomenon at microscale can be studied using these thermally isolated, 
individually addressable, microhotplate structures [19]. 
Advantage: 
? Ease of fabrication 
? Inexpensive 
? Accurate 
? Fast (better response) 
Disadvantage: 
? Performance affected due to spurious signals 
? Very sensitive to the surrounding environment 
? Possible degradation of sensing layers over time 
Suitability: 
? For applications requiring very accurate, linear, isolated sensing with short span 
of sensor life. 
14 
 
 
CHAPTER  3 POROUS SILICON 
3.1 Introduction 
Porous silicon (PS) can be dated back to 1956 in a study associated with the 
electrolytic shaping of germanium.  Uhlir noticed discoloration on anodized silicon and 
believed them to be a suboxide of silicon [20].  The first conclusive reports on the 
electrochemically etched, porous nature of silicon electrodes can be credited to Watanabe 
and Sakai in 1971 [21].  First model of pore formation based on a breakdown of the 
depletion layer was proposed in 1972 by Theunissen [22].  In 1977 Arita and Sunohara 
proved the porous silicon layer had the same crystal orientation as the bulk silicon, this 
allowed them to conclude that localized dissolution generates pores [23].  In 1983 it was 
discovered pore diameters may be 2nm small [24].  Photoluminescence (PL) from porous 
silicon was discovered in 1984 by Pickering et al. [25].  It wasn’t until the early 90’s that 
the chemical sensing properties of porous silicon gained momentum.  
Porous silicon is broken down into three classifications as outlined by IUPAC.  
The classification is determined by the pore diameter (d) defined as the distance between 
two opposing walls also referred to as inside diameter (ID).  
Class 1) microporous:  d < 2nm 
Class 2) mesoporous:  2nm < d < 50nm 
Class 3) macroporous:  d > 50nm  
This research investigation utilizes mesoporous silicon in the production of the 
hydrogen sensor due to relative ease in formation and high porosity profile. 
3.2 Porous Silicon Theory 
Porous silicon is formed by the electrochemical dissolution of silicon in an HF 
electrolyte.  The anodic dissolution is dependent upon the composition and pH of the 
electrolyte.  Pore formation is largely dependent on silicon’s crystallographic orientation 
(e.g. <100>, <110>, <111>), doping level (resistivity), type of dopant and the current 
density in relation to the critical current density (Jps).  It should be noted, only the <100> 
orientation will produce pore formation normal to the substrate and was the only 
orientation used by the author.  Jps is the critical current density above which pore 
formation stops and electro polishing of the substrate begins.  The I-V characteristics 
governing pore formation are illustrated in figure 3.1.  Conditions in which pores form 
are highlighted in the shaded area. 
 
Figure 3.1 I-V Characteristics Governing Electrochemical Dissolution of Silicon [26] 
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Mesopores are initiated by forming etch pits in silicon with the help of standard 
anisotropic silicon wet etching mechanism [26].  Mesoporous silicon formation also 
occurs under certain anodic conditions in both n type and p type substrates in presence of 
the aqueous electrolyte HF [26].  The pore formation is attributed to the tetravalent 
dissolution of silicon characterized by an anodically formed oxide step (one and two of 
figure 3.2) and then by the chemical dissolution of the formed oxide in aqueous HF 
solution (steps three and four of the  figure 3.2 [26]).  By increasing the doping level of 
the substrate the depletion region decreases which enables charge carriers to pass the 
space charge region (SCR) via tunneling.  Tunneling is the dominant mechanism for 
charge transfer with doping densities in excess of 10 18  cm .  Under anodic bias at 
constant current density J
3−
ps, silicon dissolution reaches steady state condition between 
charge transfer and mass transport.  It can be seen from figure 3.3 that the pore density is 
highly dependant on doping density and type of doping. 
 
Figure 3.2 Anodic Dissolution of Silicon in HF [26] 
 
The electrical transport is mainly affected by the disordered structure of the Si 
skeleton which restricts the conductive paths to a highly constrained geometry.  Electrical 
resistivity in PSi is five orders of magnitude higher than in intrinsic Si.[27] 
16 
 
Figure 3.3 Doping Density Vs Pore Density [26] 
3.3 Porous Silicon Sensors 
As mentioned in the introduction the use of porous silicon for gas sensing began 
to build momentum in the early 90’s.  Porous silicon has been used to detect an array of 
target gasses such as nitrogen dioxide, carbon monoxide, methane, vapor and hydrogen 
[27-30].  There are many different sensing mechanisms when it comes to the utilization 
of porous silicon.  Some mechanisms are discussed below.  For the sake of this thesis we 
will concentrate on porous silicon hydrogen sensors for comparative study. 
3.3.1 Contact Potential Difference 
In a study done by V. Polishchuk et al porous silicon was modified by a 20 nm 
deposition of palladium.  The effect of hydrogen was monitored using contact potential 
difference variations (CPD).  Their measurements were performed at room temperature.   
17 
 Figure 3.4 CPD Response to Hydrogen in Minutes [30] 
As can be seen from figure 3.4 the CPD method is a tool for hydrogen detection.  
Their sensors are characterized by sensitivity in the range 200–4000 ppm H2 
concentrations, the response is in the minutes range and the recovery takes tens of 
minutes when operated at room temperature.[30] 
18 
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CHAPTER  4 PALLADIUM 
4.1 Introduction 
In this research, palladium is diffused into porous silicon in order to increase 
adhesion between porous silicon and a thin film of palladium.  The thin film of palladium 
is the active sensing element for hydrogen detection.  The response of palladium due to 
the absorption of hydrogen can be well understood if the physics and chemistry behind 
their interaction are understood.  This chapter concentrates on diffusion principles as well 
as the effect of hydrogen absorption on the atomic structure of palladium. 
4.2 Diffusion 
Diffusion occurs as a natural result of random motion of particles from a region of 
high concentration to low concentration.  Diffusion is a standard method through which 
impurities such as boron and phosphorous have been introduced into silicon to control the 
majority carrier concentration and in turn resistivity.  Palladium is considered to be a 
deep impurity and also has the capability of diffusing into silicon at high enough 
temperatures. 
4.2.1 Diffusion Theory  
The diffusion process follows Fick’s fist law of diffusion, 
J = -D əN / əx      (3) 
where J is the particle flux of the impurity, N is the concentration and D is the diffusion 
coefficient.  The diffusion coefficient has an Arrhenius dependence on temperature. 
Where, 
D = D exp –(E  / kT) (4) 0 A
in this case D  is a constant depending of the material and the dopant and E is the 
activation energy. 
0 A
Diffusion of a material into a crystalline entity occurs in the form of atomic 
substitution or interstitial phenomenon, or both.  Substitution is described as atoms of the 
diffused material replacing atoms of the substrate lattice (figure 4.1a) whereas interstitial 
is a result of atoms pertaining to the diffused material residing between the atomic lattice 
(figure 4.1b). 
 
Figure 4.1 (a) Substitution Atom Taking up a Vacancy (b) Interstitial Atom Sitting 
Between Silicon Lattice.  
4.3 Palladium Absorption Principles 
There exist two phenomena in literature explaining gas absorption on metal 
surfaces, namely ‘physisorption’ and ‘chemisorption’. While the occurrence of 
physisorption is due to the attraction of gas species onto a metal surface by Van der 
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Waals force, the latter is due to exchange of electrons with metal surface creating high 
density energy states.  The underlying requirement for both mechanisms to exist is the 
presence of unfilled (unsatisfied valence or co-ordination number) d-orbital of the active 
material. 
Materials that satisfy the above unfilled orbitals include some metal species and 
semiconductor metal oxides.  Noble metals like Pt, Pd, Rh and Ir have partially [9] filled 
d-orbital while the semiconductor metal oxides possess lattice defects due to imbalance 
of un-reacted oxygen.  The palladium-hydrogen interaction involves an exchange of 
surface electrons to satisfy the partially filled d-orbital thereby inducing a change in the 
electrical conductivity of the system. 
4.4 Palladium-Hydrogen System 
The closed shell atomic structure of palladium is given by 4d105s0 [10] while the 
open shell configuration is written as 4d95s1.  The open shell configuration of palladium 
permits 0.6 unoccupied states per atom.  As soon as hydrogen comes in contact with the 
palladium surface, it gets completely ionized to satisfy the d-orbital.  In other words, 
hydrogen absorption reaches completion on x [H\Pd] = 0.6, where x denotes the atomic 
percentage of hydrogen to palladium.  Figures 4.1, and 4.2 [11] show the arrangement of 
hydrogen atoms on palladium at their tetrahedral and octahedral interstitials respectively. 
(‘T’  refers to tetrahedral site and ‘O’ the octahedral sites) 
 Figure 4.2 Hydrogen Atoms Occupying the Tetrahedral Interstitial Site at x=1 [11] 
 
Figure 4.3 Hydrogen Atoms Occupying the Octahedral Sites [11] 
The existence of two types of palladium hydrides with varied morphology and 
different texture is still in debate.  The formation of the hydrides depends on the pressure, 
temperature and atomic ratio (PCT) of hydrogen to palladium.  Experimental 
observations based on simulations [11] and enthalpy calculations have revealed the 
occupation of hydrogen in the interstitial sites of palladium leading to the PdH structures 
[10] as shown in figure 4.3.  Hydrogen in the form of solid solution, embedded in 
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palladium, influences the resistance of the parent atom by disturbing its lattice periodicity.  
Moreover, the scattering of the hydrogen atoms with palladium is also considered to be 
the most viable reason for the increase in resistance. 
 
Figure 4.4 Different Versions of Palladium-Hydride [10] 
 
Figure 4.5 PCT Curve of Pd-H System [12] 
The resistance critically depends on the phase transformation of the palladium-
hydrogen system with phase identification through the PCT curve in figure 4.4.  
Resistance variation is more of an atomically induced surface phenomenon which 
depends on morphology and reaction kinetics of the palladium hydride formation.  
Materials/Systems possessing large surface to volume ratio or better yet a two 
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dimensional film with almost no thickness would be an ideal choice for gas sensor 
application.  This condition would allow for only surface effects which would neglect the 
scattering caused by interstitial hydrogen.  The added electrons in this case would 
decrease the overall resistance of the palladium film.  In this context porous silicon is 
used as a template and will be discussed. 
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CHAPTER  5  HYDROGEN SENSOR FABRICATION 
5.1 Introduction 
 This chapter will guide the reader through a detailed description of the process 
sequence adopted to develop a palladium based hydrogen sensor.  The process steps are 
well characterized and compatible with standard MEMS and IC processing techniques 
making them ideal choice for further integration.  The overall process (from start to 
finish) was designed to be simple by nature, meaning there are no intricate or complex 
steps involved in fabrication.  The entire fabrication process can be completed without 
lithography allowing high throughput and if applicable mass production with minimal 
equipment.  The entire fabrication module can be broken into three major categories:- 
? Thin film deposition: This step is used multiple times throughout the sensor 
fabrication.  All depositions were done using electron beam evaporation due to its 
high vacuum capabilities and tunable deposition parameters. 
? Substrate formation: In this case, porous silicon is the substrate of choice and was 
formed from a single crystalline silicon wafer via electrochemical etching.  
? Diffusion: this process allows impregnation of palladium into the porous silicon 
substrate. The process flow (figure 5.1) is presented with detailed description 
below. 
5.2 Complete Sensor Process 
 
Figure 5.1 Process Flow for Hydrogen Sensor Fabrication 
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? Step A) Choice of initial substrate: A 2” Double side polished degenerately doped 
(p++) <100> silicon wafer with approximate thickness of 230-260 μm and a 
resistivity of 0.001-0.003 ohms-cm was chosen to be the substrate.  These wafers 
were subjected to RCA clean prior to processing. 
? Step B) Evaporation of ohmic layer: The silicon substrate was placed in an AJA 
International Electron Beam Evaporator (figure 5.2) with planetary rotation 
(figure 5.3).  A base pressure of 10 Torr was attained before aluminum was 
evaporated on one side of the silicon substrate for an ohmic contact.  (This layer is 
used to help distribute charge evenly throughout the substrate).  Thickness was 
monitored using a Maxtek 350 quartz crystal monitor (QCM) also seen in figure 
5.2.  The thickness was observed to be about 1000Ǻ. 
6−
 
Figure 5.2 AJA International Electron Beam Evaporator 
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 Figure 5.3 Planetary Rotation 
? Step C) Electrochemical etching: The substrate was placed in a specially 
fabricated Teflon  jig (figure 5.4a and 5.4b).  In this case the substrate was 
placed aluminum side facing the base of the jig and the silicon side facing the 
chamber of the jig.  Between the aluminum side of the substrate and the base of 
the jig aluminum foil was placed for anodic contact to an alligator clip.  An O-
ring was accommodated between the silicon substrate and the chamber to prevent 
leaks. The electrolyte solution comprising of a composite mixture of 
(24%)HF/(50%)ethanol/(26%)H
TM
2O by volume was added to the chamber.  The lid 
of the jig also made of Teflon had a platinum wire mesh on it to act as a 
cathode.  The cathode is submersed in the electrolyte and a hole in the lid allows 
for the release of hydrogen that evolved during porous silicon etching.  The setup 
was connected to a Keithley I-V source for a constant current of 200 mA which 
equated to a current density of 13 mA cm  after accounting for the area of the O-
TM
2−
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ring.  The source required approximately 1.1 volts to maintain this constant 
current.  These conditions were maintained for 60 minutes. 
         
(a) (b) 
Figure 5.4 (a) Rendering (b) Photo of Etching Jig for Pore Formation 
? Step D) Cleaning the Sample: Once the porous silicon etching was complete the 
HF solution was safely removed and the sample was rinsed in deionized (DI) 
water.  The wafer was then placed aluminum side down on top of an open wide 
mouth HF bottle (figure 5.5).  This is done in order to remove the aluminum from 
the backside of the wafer using the HF vapor which forms inside the bottle.  
Aluminum is highly reactive with HF and only takes about a minute for the 
aluminum to be removed by the vapor at room temperature.  The sample is rinsed 
with DI water and dried using nitrogen gas. 
? Step E) Dicing: The porous silicon substrate was placed in Kulicke Soffa Dicing 
saw (figures 5.6) and diced into 1 cm square samples. 
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 Figure 5.5 Aluminum Etching Using HF Vapor at Room Temperature 
 
Figure 5.6 Dicing Saw Stage 
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? Step F) Evaporation of Diffusion layer: The porous silicon samples were placed in 
the electron beam evaporator and processed under the same conditions as step B 
above.  This time using palladium instead of aluminum.  The deposition rate was 
about 1A/s.  The final palladium thickness was maintained to be 4nm on the 
porous side of the samples. 
? Step G) Diffusion: The samples were placed in an open tube furnace (figure 5.7).  
Nitrogen was passed at a rate of 30 cm3 for 20 minutes before the furnace was 
turned on.  The furnace was set at 9000C and allowed to ramp up over time.  Once 
the desired temperature was reached the furnace was allowed to maintain 9000C 
for the duration of 60 minutes.  The furnace was then turned off and allowed to 
cool over time with the samples inside. 
 
NOTE: Porous silicon can be very brittle and any stress may cause severe damage to the 
sample.  The samples were allowed to ramp up and ramp down with the furnace to 
minimize rapid heating and cooling which could be detrimental to the samples structure. 
 Figure 5.7 Open Tube Furnace 
? Step H) Evaporation of Sensing Layer: Again the samples were placed inside the 
AJA electron beam evaporator under the same vacuum conditions set before in 
step B.  Again 4nm of palladium was evaporated at a rate of 1 A/s on the 
porous/diffusion side of the samples. 
NOTE: The reasoning behind the diffusion layer is to increase adhesion with this Pd 
deposition while increasing the probability for an ohmic contact. 
32 
33 
 
 
CHAPTER  6  TEST SETUP AND PROTOCOLS 
6.1 Introduction 
A mass manufacturable impedance based palladium doped porous silicon sensor 
was fabricated for hydrogen detection.  In order to quantify the hydrogen sensor, a testing 
apparatus had to be assembled and a testing protocol established.  The testing apparatus 
was built “in house” using standard software and hardware components as well as custom 
fabricated hardware to facilitate special needs. 
 
6.2 Hardware 
In order to isolate the hydrogen sensor from unwanted interactions such as 
fluctuating ambient conditions a housing chamber (test bed) had to be custom fabricated 
(figure 6.1).  The test bed contains sealed electrical contacts which interfaced the sample 
to be tested.  In order to achieve simple transfer of samples (removable, replaceable and 
reusable without damage), the chamber was built with a removable lid.  Machined holes 
penetrated the removable lid while spring loaded pins (contacts) precisely fit the holes.  
This resulted in the formation of a feed through array seen in figure 6.1.  The pins 
allowed for a tight seal while the spring loaded force maintained contact and permitted 
variation in sample height. 
The passage for gas flow was accomplished by fitting the chamber with a gas feed 
through for both the inlet and outlet.  The gas input and output orientation was structured 
for a unidirectional gas flow.  Keeping in mind the explosive nature of hydrogen, the 
hydrogen test gas would have to be vented in a safe manner.  Therefore the exhaust of the 
chamber was led to a pre approved house vent for safety. 
 
Figure 6.1 Test Bed 
In order to control the percentage of hydrogen in the sensor environment an inert 
carrier gas was passed until steady state conditions were met.  Then hydrogen was bled 
into the chamber to achieve variable percentage of hydrogen in nitrogen.  In order to 
precisely monitor the gas mixtures two MKS 1176 mass flow controllers were 
implemented (figure 6.2).  The nitrogen flow controller was built for ranges between 0 
and 2000 sccm while the hydrogen flow controller was configured for ranges between 0 
and 20 sccm.  The rate of error associated with each controller is about 0.1 percent of full 
scale.  The mass flow controllers were oriented upstream with respect to the chamber and 
controlled by the MKS 146C multicontroller shown in the bottom of figure 6.3. 
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 Figure 6.2 Mass Flow Controllers and Test Bed 
 
Figure 6.3 Keithley Multimeter (top), MKS Controller (bottom) 
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The hydrogen sensor is an impedance based sensor where the parameter of 
interest is either resistance or resistivity.  To make measurements the Keithley 2400 I V 
(figure 6.3) source meter was used in a four wire probe configuration (figure 6.4).  This 
configuration was used in order to find true resistance between two points on the sensor 
and to filter the impedance effects of the probes and wires.  
 
Figure 6.4 Four Wire Probe Configuration [31] 
Once the overall hardware set up was complete, desktop computer was used to 
transfer and collect data.  Figure 6.5 illustrates final hardware configuration. 
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 Figure 6.5 Hardware Test Setup 
6.3 Software 
 It is well known that most errors accumulated during experimental analysis are 
associated with human error.  In order to help eliminate error and to retrieve data at high 
rates of speed; it is advantageous to employ software. 
 In the experimental setup Labview software, a graphical user interface (GUI) was 
utilized on a Windows based operating system.  Labview has the ability to be 
programmed by the user in order to implement predetermined commands as well as 
interact with real world devices.  In this case Labview was used to send or retrieve data 
from our Keithley source meter and MKS controllers.  The idea behind our program was 
to have one screen in which all user determined values could be entered, including on off 
switching (figure 6.6). 
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 Figure 6.6 Testing Module 
The following is the program outline: 
? Set up communication protocols and ports from the PC to the MKS 146C 
controller and the Keithley 2400 source meter.  Except for the communication 
port the rest of the communication protocols are embedded in the program and is 
accomplished without input from the user. 
? Set up initial testing conditions for the MKS 146C.  The 146C requires the range 
in sccm of each mass flow controller it is connected to as well as the associated 
channel number (1 of 4 channels are possible).  The range of the mass flow 
controllers can be entered in the main user page, for example “Range 1” in figure 
6.6 is the range of the mass flow controller plugged into the first channel of the 
MKS 146C controller.  
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? Set up initial testing conditions for the Keithley.  The source meter requires 
information on how testing will proceed, for example whether it run in four wire 
or two wire mode.  These testing parameters are embedded in the program and are 
not accessible to the user. 
? Determine path and file name of saved data.  When the program is initialized the 
data procured will be saved in Microsoft notepad.  In order for this to occur the 
user has to input the path of the folder in which the information will be saved as 
well as the file name. 
? Once the program is started and data is being captured the user can change the 
rate of flow for any of the four gas controller channels at any time.  If the user has 
a predetermined percent value of one gas into another the user only has to set the 
flow rate of the first gas and the percent value of the second gas.  For example 
100 sccm is the total desired flow rate.  Enter 100 under “set point one”.  This will 
flow 100 sccm of gas one. If the user wanted to run 10 percent of gas two into gas 
one then enter the value 10 under the “% of channel 2” string in figure 6.6.  Gas 
one will automatically be readjusted to 90 sccm and gas two will be adjusted to 10 
sccm maintaining a total 100 sccm.  This was done to maintain constant pressure 
within our test bed which will insure results of testing is purely a function of gas 
concentration and not nominal pressure changes should the sensor be pressure 
sensitive. 
 The main body of the LabView code is imaged below for viewing (figure 6.7).  
The top box in the code is responsible for monitoring the flow rate from the MKS and the 
resistance from the Keithley.  The top box also saves the data in Microsoft notepad.  The 
bottom box in the code is responsible for the flow rate instructions to the MKS  
 
Figure 6.7 Main Body of Code 
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CHAPTER  7 RESULTS AND DISCUSSION 
7.1 Introduction 
The objective of this thesis is to introduce the fabrication of a novel 
nanostructured palladium functionalized hydrogen sensor. This chapter includes a 
discussion on physical nature (morphology) of the sensor module.  This chapter also 
includes the results obtained from testing the sensor response to different concentrations 
of hydrogen in a nitrogen carrier.  The correlation between morphology and sensing 
characteristics are discussed.  Different steps described in the process sequence were 
tested in hydrogen to identify and isolate the background signal. 
7.2 Morphology 
 Referring back to step A of figure 5.1 in chapter five the substrate started out as a 
single crystal silicon substrate.  The morphology of the silicon did not change until 
porous silicon etching (step C).  The result of the etching process yielded a nanoporous 
substrate that becomes the template of the sensor.  The pores of the substrate were 
imaged with a Hitachi scanning electron microscope (figure 7.1 and 7.2). 
 Figure 7.1 SEM of Porous Silicon Substrate at 200k Magnification 
 
Figure 7.2 SEM of Porous Silicon Substrate at 300k Magnification 
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 The images of the pores were later analyzed using National Instruments vision 
assistant particle analysis tool which is demonstrated in figure 7.3 through figure 7.6.  
Figure 7.3 shows the importing of an image; figure 7.4 illustrates the image calibration 
from pixels to real world units. The calibration is done by converting the pixels of the 
image into unit equivalents.  In this case the calibration tool utilizes the SEM scale bar as 
reference.  Figure 7.5 shows the selection of an appropriate threshold.  The threshold is 
the pixel grayscale difference between what a pore is (darker value) and what a pore 
sidewall is (lighter value).  From this point each pore which is now represented as a 
particle will be analyzed for center of mass total area and percent area over the entire 
image.  Figure 7.6 reveals the assessment of data using a spreadsheet.   
 
Figure 7.3 Importing an Image 
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 Figure 7.4 Calibrate Image Pixels to Real World Units Via SEM Scale Bar 
 
Figure 7.5 Determine the Pore by Choosing a Proper Threshold Value 
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 Figure 7.6 Assessing Information on Spreadsheet 
 From the spreadsheet the percent area over the image area for each particle was 
added in order to determine the total porosity to be approximately 49 percent of area.  
This value seems to concur with observed value reported elsewhere [26].  The average 
pore diameter is approximately 35 nanometers.  The pore diameter fluctuates between a 
few nanometers to a little over fifty nanometers. 
 The next major morphology change occurred during the palladium diffusion step.  
Once this step was complete more scanning electron micrographs were taken.  Figure 7.7 
is a cross sectional micrograph of the porous silicon sample after diffusion.  From this 
image the pore depth can be observed as 34.8 um and the diffusion depth to be contrasted 
by the dark shaded band at the top of the sample to be approximately 1.49 um.  The 
image in figure 7.8 shows the top surface of the sample after diffusion.  This image 
shows the presence of agglomerations after the diffusion process.  It has been suggested 
that palladium silicide can form at temperatures as low as 700 degrees C [32].  This may 
indicate that the agglomeration formation is results from palladium silicide reflow.  
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However, the charged regions which appear as bright areas in the image suggest some 
dielectric formation.  In order to determine the surface content of the sensor an XRD 
(figure 7.9) was performed.  The XRD suggests the formation of PdO and not palladium 
silicide.  Due to the close d-spacing value between PdO and Pd2Si, Pd2Si can not be fully 
ruled out as noted by the black mark at 38.265 on the XRD where it would be, the 
possibility of palladium silicide is less likely taking into consideration the thickness of 
the Pd monolayer and process temperature for a palladium disilicide formation. [32]. 
 
Figure 7.7 Side View of Sample After Pd Diffusion 
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 Figure 7.8 Surface Image of Sample After Diffusion 
 
Figure 7.9 XRD Analysis of Sensor 
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7.3 Hydrogen Test Response  
 In this section, the impedance response of the sensor is plotted against the varying 
hydrogen concentration.  All measurements were taken at room temperature.  Before 
results of the working sample are presented, short synopses of tested intermediates are 
given below. 
? Plain <100> silicon had no visible impedance reaction to hydrogen 
? Porous silicon had no visible impedance reaction to hydrogen 
? 4 nm of palladium deposited on porous silicon had no visible impedance reaction 
to hydrogen 
? 4 nm of palladium diffused porous silicon had no visible impedance reaction to 
hydrogen 
 This work began with the successful testing of two initial samples; extension of 
which lead to the development of batch fabricated samples for further exploration.  The 
following results are gathered from the first two samples.  Figures 7.10 and 7.11 are 
graphs illustrating the range of sensor A (left) and inverted hydrogen concentration (from 
high concentration to low concentration) in nitrogen (right) on the Y-axis Vs time in 
seconds on the X-axis during conditioning.  The scale bar pertaining to hydrogen 
concentration is inverted in order to quickly correlate the change in sensor response to 
percent change in hydrogen concentration from the graph.  Figure 7.12 is a graph 
illustrating range of sensor and inverted hydrogen concentration Vs time in seconds after 
conditioning.  From all three graphs an inverse relationship of range of sensor 
(impedance) Vs hydrogen concentration is established.  Also note the response of the 
knee of both curves appear to be well aligned indicating the credibility of the measured 
data.  A closer analysis of figure 7.12 yields a two second delay between the knee of the 
gas change and the knee of the sensor change in both the adsorption and desorption phase.  
This two second delay is the reaction time. 
 
Figure 7.10 Initial Sensor Reaction During Conditioning 
 
Figure 7.11 Sensor Reaction Ending Conditioning 
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 Figure 7.12 Sensor Reaction After Conditioning 
 A few months after the successful implementation of a real time hydrogen sensor, 
additional sub units were fabricated using the same process parameters.  The second set 
of sensors however displayed different reaction characteristics than the initial set.  The 
impedance (Range of Sensor) for the second set of samples displayed a direct 
proportionality to change in hydrogen concentration unlike the earlier batch.  Figure 7.13 
illustrates this relationship.  Even though the reaction is opposite from that of the first 
sensor set, the sensor seems to share some common features observed earlier.  The most 
notable feature is the two second delay between the change in gas concentrations and the 
change in the sensor impedance (reaction time) for both adsorption and desorption cycles.  
Also noteworthy is the consistent shape of the curve.  At this juncture, more samples 
were made under the similar conditions with no minor variations and the sensor response 
was found to exhibit a directly proportion relationship. 
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 Figure 7.13 Resistances Displaying Proportional Relationship to Hydrogen 
7.4 Conclusion 
The issue of system impedance behaving both directly and inversely proportional 
to hydrogen concentration is yet to be resolved.  It is postulated that the discrepancy 
might be due to pore reconfiguration during diffusion, or an inconsistent quantity of 
native oxide formation in the pores.  After etching the pores the oxide could form PdO or 
SiO during diffusion.  A differential signal obtained from sensors made from identical 
process condition to negate false positives.  
 Pd/Porous Si sensor for hydrogen detection has been made and tested in the 0-2 
percent range.  It has been observed that sensors made with porous Si and Pd 
nanoparticles demonstrate a significant change in impedance with respect to time when 
exposed to hydrogen. It is hypothesized that diffused and evaporated Pd on porous Si 
forms nanoparticles on the surface as well as in the pores. These nanoparticles decrease 
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the adsorption and desorption times, which increases the sensitivity, sensing, and 
regeneration times of the sensor. 
 Due to sensitivity, cost effectiveness and ease of fabrication, Pd-plated porous Si 
has the potential of becoming a truly universal hydrogen sensing device. 
7.5 Future Work 
Future fabrication would be benefited if diffusion is performed under more 
controlled medium such as vacuum.  The use of tungsten or titanium oxygen getters 
could also help in controlling unwanted oxide formation in the sensor samples.  In this 
work the issue of cross sensitivity or selectivity was not discussed.  This is a critical issue 
to be addressed in any sensor fabrication and should be pursued as a part of a continued 
investigation.  Palladium poisoning is a well known phenomenon and has limited the life 
cycle of this sensor to less than five months.  Further work should also include the 
implementation of a masking layer such as Nafion to the finished sensor in order to limit 
known contaminants. 
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